Forkhead transcription factors of the FOXO class are negatively regulated by PKB/c-Akt in response to insulin/IGF signalling, and are involved in regulating cell cycle progression and cell death. Here we show that, in contrast to insulin signalling, low levels of oxidative stress generated by treatment with H 2 O 2 induce the activation of FOXO4. Upon treatment of cells with H 2 O 2 , the small GTPase Ral is activated and this results in a JNK-dependent phosphorylation of FOXO4 on threonine 447 and threonine 451. This Ral-mediated, JNK-dependent phosphorylation is involved in the nuclear translocation and transcriptional activation of FOXO4 after H 2 O 2 treatment. In addition, we show that this signalling pathway is also employed by tumor necrosis factor a to activate FOXO4 transcriptional activity. FOXO members have been implicated in cellular protection against oxidative stress via the transcriptional regulation of manganese superoxide dismutase and catalase gene expression. The results reported here, therefore, outline a homeostasis mechanism for sustaining cellular reactive oxygen species that is controlled by signalling pathways that can convey both negative (PI-3K/PKB) and positive (Ras/Ral) inputs.
Introduction
Reactive oxygen species (ROS) are oxygen free radicals that are highly reactive toward cellular constituents including protein, lipid and DNA. Formation of ROS can be caused by exogenous sources such as UV or ionizing radiation or by endogenous sources such as normal aerobic metabolism or by pathological conditions such as ischemia. Also in normal cell signalling, ROS are generated by growth factor-induced activation of enzyme complexes such as NADH oxidase (reviewed in Finkel, 2000) . Furthermore, cellular levels of ROS fluctuate throughout the cell cycle and in fact ROS are required for cell proliferation (Clopton and Saltman, 1995; Shackelford et al, 2001) . Nevertheless, cells have developed numerous antioxidant systems to prevent excess generation of ROS as the highly reactive nature of ROS will easily result in ROS-induced adverse modifications of protein, lipid or DNA. Normally, ROS-induced modification or damage is either repaired, as in the case of chromosomal DNA damage, or removed by degradation and subsequent resynthesis. In the case of excessive damage or ineffective repair, cell death (apoptosis) is triggered. Thus, cells require both a stringent homeostasis mechanism for ROS and efficient repair to tolerate levels of ROS required for normal cell function that will otherwise result in certain cell death.
Consistent with its role in normal growth factor-induced signalling, ROS generation by exogenous sources such as H 2 O 2 treatment has been shown to trigger most of the signalling pathways downstream of growth factor receptors (reviewed in Finkel, 2000) . For example, ROS have been shown to activate members of the JNK/p38 stress kinase family, MAPKs, PI-3K signalling, NF-kB and many more. Activation by ROS of some of these signalling cascades has been implicated primarily in the induction of apoptosis (JNK/ p38), whereas others have been implicated in cell survival (PI-3K).
Protein kinase B (PKB/c-Akt) mediates many of the antiapoptotic effects of PI-3K signalling. A large number of PKB substrates have been implicated in the regulation of cellular survival (reviewed in Lawlor and Alessi, 2001 ). However, little is known as to how PI-3K/PKB signalling may regulate the cellular level of ROS. Recently, we and others have shown that the PKB-regulated Forkhead transcription factor FOXO3a can reduce the level of cellular oxidative stress by directly increasing mRNA and protein levels of manganese superoxide dismutase (MnSOD) and catalase (reviewed in Burgering and Medema, 2003) . PKB-mediated phosphorylation of FOXO results in translocation of FOXO from the nucleus to the cytosol. Consequently, PKB activation decreases MnSOD and catalase levels and this is likely to contribute to an increase in cellular ROS. As cell cycle progression requires increased ROS level, this is in agreement with the role of PI-3K signalling in stimulating cell proliferation.
Because of the inverse relationship between PI-3K/PKB signalling and FOXO activity, we were interested whether an increase in ROS could regulate FOXO activity and oppose the effect of PI-3K/PKB signalling. Here, we show that oxidative stress induced by treatment of cells with H 2 O 2 results in the activation of the small GTPase Ral. Activation of Ral results in the phosphorylation and activation of JNK and JNKmediated phosphorylation of FOXO4 on T447 and T451. Phosphorylation of these residues is critical to FOXO4 transcriptional activity. Thus, H 2 O 2 can induce FOXO4 transcriptional activity and this is further confirmed by the observation that H 2 O 2 treatment results in translocation of FOXO4 from the cytosol to the nucleus. In addition, we show that tumor necrosis factor a (TNFa), a ligand known to increase cellular H 2 O 2 levels, also activates FOXO4 transcriptional activity and that this involves cellular ROS, Ral and JNK. These results indicate that FOXOs can function in a negative feedback loop to control the cellular level of oxidative stress in a cell and therefore these results start to outline a novel homeostasis mechanism of ROS control.
Results
To investigate whether FOXO could function in a feedback mechanism to control cellular redox, we first analyzed the possibility that, similar to insulin signalling, cellular oxidative stress generated by Figure 1A) . By mutational analysis, we have previously defined two residues within FOXO4, threonine 447 (T447) and threonine 451 (T451), that can be phosphorylated independently of PKB activation (De Ruiter et al, 2001 ) and recently, we confirmed phosphorylation of these residues on FOXO4 by mass spectrometry (data not shown). To study regulation of T447/451 phosphorylation, we obtained phosphospecific antibodies against both phosphorylated T451 (T451P) and T447 (T447P). H 2 O 2 treatment induced both T451 and T447 phosphorylation ( Figure 1B ). The T451P antibody did not recognize HA-FOXO4-T451A and the T447P antibody did not recognize HA-FOXO4-T447A isolated both from untreated and H 2 O 2 -treated cells, indicating their specificity. The T447P antibody also did not recognize HA-FOXO4-T451A, suggesting that T451 is an essential part of the epitope for the T447P antibody. Moreover, we analyzed phosphorylation of endogenous FOXO4. Mouse C2C12 cells expressing endogenous FOXO4 were treated with H 2 O 2 and displayed increased T447 phosphorylation ( Figure 1C ). As T451 is not conserved between human and mouse FOXO4, we could not test endogenous T451 phosphorylation in these cells. These results show that in vivo FOXO4 becomes phosphorylated at T447 and T451 following treatment of cells with H 2 O 2 . The T451P antibody is of better quality compared to the T447P antibody. Therefore, the results with the T451P antibody are shown in the following figures, and similar results were obtained using the T447P antibody.
In insulin signalling, phosphorylation of T447 and T451 occurs in a Ral-dependent manner (De Ruiter et al, 2001 ). Thus, we analyzed whether H 2 O 2 -induced phosphorylation of T447 and T451 was dependent on activation of the small GTPase Ral. Therefore, we first analyzed whether H 2 O 2 could induce the activation of Ral. Cells treated for various periods of time with H 2 O 2 were lysed and the level of active Ral (Ral-GTP) was determined by a pull-down assay (Wolthuis et al, 1998) . H 2 O 2 treatment induced a rapid and time-dependent increase in RalGTP levels ( Figure 2A ). To determine whether this H 2 O 2 -induced Ral activation mediated the phosphorylation of T451, we expressed HA-FOXO4 in the presence or absence of dominant-negative Ral (RalN28). Expression of dominant-negative Ral completely blocked phosphorylation of T451 ( Figure 2B ), indicating the involvement of Ral in H 2 O 2 -induced phosphorylation. Subsequently, we examined whether activation of endogenous Ral could mediate T451 phosphorylation. Activation of endogenous Ral, both through the expression of active Ras (RasV12) and through the expression of active Ral guanine nucleotide exchange factors (RlfCAAX and RalGEF2), but not the expression of a control in which the catalytic domain was mutated (RlfCAAXDGEF), resulted in increased T451 phosphorylation ( Figure 2C ). Taken together, these data demonstrate that H 2 O 2 treatment of cells results in the activation of the small GTPase Ral, which is necessary and sufficient to induce phosphorylation of T451 on FOXO4.
To investigate which kinase could mediate Ral-induced phosphorylation of T451, we treated cells with a variety of kinase inhibitors prior to H 2 O 2 treatment. The MEK inhibitor PD98059, the PI-3K inhibitor LY294002 or the p38 inhibitor SB203580 could not inhibit H 2 O 2 -induced phosphorylation of T451 and T447 on FOXO4 (data not shown). These results indicate that T451 phosphorylation is not mediated by PI-3K, MAPK or p38. To study a potential involvement of JNK, we used immortalized mouse embryo fibroblasts (MEFs) derived from JNK1,2À/À mice, since there is no specific JNK inhibitor available. As these MEFs also do not express JNK3, they lack any JNK activity (Sabapathy et al, 1999) . H 2 O 2 treatment of JNK1,2À/À MEFs did not induce phosphorylation of T451, whereas H 2 O 2 treatment of control MEFs (wild-type (wt) MEFs) did, strongly indicating that in vivo JNK mediates T451 phosphorylation ( Figure 3A ). To further confirm this, we rescued JNK expression in JNK1,2À/À MEF cells by coexpression of either JNK1 or JNK3. This restored H 2 O 2 -induced JNK activity and the induction of T451 phosphorylation ( Figure 3B ). JNK is often observed bound to its potential substrates. We therefore analyzed the binding between JNK and FOXO4. Treatment of cells with increasing concentrations of H 2 O 2 induced the binding of JNK1 (data not shown) and JNK3 to FOXO4 ( Figure 3C ). Consistent with the in vivo data, active JNK1, but not p38a, could efficiently phosphorylate T451/447 of FOXO4 in vitro ( Figure 3D ). Thus, we conclude that JNK phosphorylates FOXO4 in vitro and in vivo at T451 and that this phosphorylation can be induced by H 2 O 2 treatment.
Our results thus far suggest a role for Ral in mediating H 2 O 2 -induced JNK activation in vivo. To test this directly, we expressed HA-JNK1 (not shown) or HA-JNK3 either in the absence or the presence of dominant-negative RalN28 and stimulated JNK activity by H 2 O 2 treatment. Dominant-negative Ral inhibited, especially at later time points, the induction of JNK phosphorylation and activation by H 2 O 2 ( Figure 3E ). Again, we tested whether activation of endogenous Ral would be sufficient to increase JNK activity. Indeed, as was shown for T451 phosphorylation, coexpression of active RalGEFs but not that of the inactive GEF increased JNK activity ( Figure 3F ). To analyze the specificity of the involvement of Ral in H 2 O 2 -induced JNK activation, we also tested whether Ral is involved in anisomycin-induced JNK activation. Consistent with a role for JNK in mediating T447/451 phosphorylation of FOXO4, anisomycin treatment also induced T451 phosphorylation. However, RalN28 did not block the anisomycin-induced phosphorylation of both JNK and T451 ( Figure 3G ). Therefore, we conclude that FOXO4 is phosphorylated by JNK at T447 and T451 and that JNK is differentially regulated following cellular stress: JNK activation following oxidative stress as generated by H 2 O 2 treatment is mediated by the small GTPase Ral, whereas JNK activation following ER stress as generated by anisomycin treatment occurs independently of Ral.
We and others have previously shown that insulin signalling results in the translocation of FOXO from the nucleus to the cytosol (Biggs et al, 1999; Brownawell et al, 2001 ). Thus, we analyzed the effect of increased oxidative stress on FOXO4 localization and transcriptional activity. As was shown by others (Brunet et al, 2004) , treatment of cells with H 2 O 2 cultured in the presence of serum, when FOXO4 is predominantly localized in the cytosol, induced relocalization of FOXO4 from the cytosol to the nucleus ( Figure 4A ). Translocation induced by H 2 O 2 appeared to be stochastic. For reasons that are not clear, cells appear to respond in an all-or-none fashion. An example of this is shown in Figure 4A (middle panel). To analyze the effect on transcriptional activity, we performed reporter assays using FOXO responsive promoters. Interestingly, we only observed a small but reproducible increase of FOXO transcriptional activity at low H 2 O 2 concentrations, as measured by an increase in activity on the MnSOD promoter construct ( Figure 4B ) (Kim et al, 1999) . Similar results were obtained using the 6xDBE or p27 promoter constructs, both of which are FOXO responsive promoters (Furuyama et al, 2000; Medema et al, 2000 ; data not shown). The decrease in FOXO transcriptional activity following overnight H 2 O 2 treatment at higher concentrations is often accompanied by a decrease in HA-FOXO4 expression ( Figure 4B , loading control). Whether this decrease in FOXO transcriptional activity observed at higher H 2 O 2 concentrations is also due to PKB/c-Akt signalling, which is switched on at high concentrations of H 2 O 2 , or that other H 2 O 2 -induced modifications inhibit FOXO activity and/or expression in a dominant fashion, is at present unknown.
To further demonstrate that phosphorylation of either T447 or T451 results in activation of FOXO4, we tested a series of T447 and T451 mutants that can no longer be phosphorylated at these sites or could mimic phosphorylation ( Figure 4C ). Mutating either T447 or T451 to alanine was already sufficient to almost completely block transcriptional activity. Importantly, both the phospho-mimicking T447E and the T451E mutant displayed enhanced transcriptional activity compared to wt FOXO4. Thus, these data suggest that phosphorylation of either T447 or T451 is sufficient to activate FOXO4 transcriptional activity. In agreement with a role for Ral, introduction of the dominant-negative RalN28 completely blocks FOXO4 activity ( Figure 4D ), whereas the phosphomimicking mutants were either partially (T447E and T451E) T451D  T451E  T451A  T447D  T447E  T447A  T447/ or not inhibited by RalN28 coexpression (T447/451E; Figure 4E ). These data indicate that the effect of Ral on FOXO4 transcriptional activity is entirely through the regulation of T447 and T451 phosphorylation. To confirm the role of JNK in transcriptional activation via T447/451 phosphorylation, we analyzed FOXO transcriptional activity in JNK1,2À/ À cells. In these cells, FOXO activity was lower compared to wt MEFs, and reintroducing JNK, clearly enhanced FOXO4 transcriptional activity ( Figure 4F ). H 2 O 2 -induced activation of FOXO activity was also reduced in JNK1,2À/À MEFs. However, reintroduction of JNK3 in these cells restored stress-induced FOXO4 activity ( Figure 4G ). Previously, we reported that the effect of RlfCAAX on FOXO4-mediated transcription was sensitive to the amount of RlfCAAX used (De Ruiter et al, 2001) . Here, we show that the effect of RlfCAAX on FOXO activity is also dependent on JNK, since RlfCAAX-induced FOXO activity is lowered in JNKÀ/À cells ( Figure 4H ). The dose-dependent effect of RlfCAAX shows similarities with the dose-dependent effect of H 2 O 2 treatment. Next, we tested whether the loss of transcriptional activity as a result of the T447/451A mutation in FOXO4 as measured by the reporter assays resulted in a change in FOXO function. Previously, we have shown that FOXOs can protect cells from glucose deprivation-induced mitochondrial membrane instability (Kops et al, 2002 ) and thus we tested whether the FOXO4 mutants were compromised in this respect. Inhibition of Ral signalling and expression of the T447/451A mutant reduced the ability of FOXO4 to protect cells from glucose deprivation, and consistent with this the phospho-mimicking T447/451D mutant displayed slightly enhanced protection ( Figure 4I) .
Thus, from these data, we conclude that H 2 O 2 induces a translocation of FOXO4 from the cytosol to the nucleus and that this translocation is part of the mechanism whereby H 2 O 2 induces transcriptional activation of FOXO4. Mutant analysis shows that this transcriptional activation involves T447 and T451 phosphorylation and is dependent on the presence of JNK.
Finally, we tested whether stimuli other than H 2 O 2 that are known to influence intracellular ROS levels could activate FOXO transcriptional activity. TNFa is a cytokine that has been shown to increase intracellular H 2 O 2 levels and likely concomitantly to increase cellular oxidative stress (Goossens et al, 1995) . This increase in cellular ROS may mediate the cytotoxic action of TNFa, although the exact mechanism is largely unknown. For example, overexpression of antioxidants including catalase to reduce cellular H 2 O 2 has been shown to enhance (Bai and Cederbaum, 2000) or reduce TNFa cytotoxicity (Wong et al, 1989) . There are also reports that demonstrate unaltered TNFa cytotoxicity after overexpression of antioxidants (O'Donnell et al, 1995) . Interestingly, TNFa has also been shown to increase the expression of MnSOD (Wong et al, 1989) and FOXOs can induce MnSOD expression (Kops et al, 2002) . A14 cells are sensitive to TNFa, as measured by activation of NF-kB, but show no obvious signs of TNFa-induced cell death (data not shown). Treatment of A14 cells with increasing concentrations of TNFa induced a dose-dependent increase in FOXO4 transcriptional activity ( Figure 5D ). Similar to the H 2 O 2 -induced FOXO4 transcriptional activity, the TNFa-induced increase is mediated by Ral, as it is inhibited by expression of the dominant-negative RalN28. Moreover, it is mediated by JNK, as it is absent in JNK1,2À/À cells and can be restored by reintroducing JNK in JNK1,2À/À cells ( Figure 5B ). Importantly, TNFa-induced JNK activation involved an increase in cellular oxidative stress, as pretreatment with (D) A14 cells were treated with TNFa (20 ng/ml), H 2 O 2 (100 mM) or insulin (1 mg/ml) for the indicated time points. JNK activity was measured by means of a GST-Jun pull-down and PKB activity was monitored using the S473 phosphospecific antibody.
N-acetyl-L-cysteine (NAC), which enhances the scavenging of oxygen radicals, reduced TNFa-induced JNK activation ( Figure 5C ). The ability to increase cellular oxidative stress is not unique to TNFa, and for several growth factors it has been suggested that a change in intracellular redox contributes to activation of downstream signalling pathways (Sundaresan et al, 1995; Bae et al, 1997) . However, in general, these growth factors repress FOXO transcriptional activity through PKB-mediated nuclear exclusion. Thus, we compared the levels of PKB activation with the activation of JNK by the stimuli employed in this study. As already indicated by our initial experiments (Figure 1 ), H 2 O 2 at relatively low concentrations induces T447/T451 phosphorylation, and consistently H 2 O 2 induces considerable JNK activity, whereas little or no induction of PKB activity could be demonstrated ( Figure 5D ). Similar to H 2 O 2 , and consistent with the ability to induce FOXO transcriptional activity, TNFa induced considerable JNK activity, whereas only a small and transient increase in PKB activity was observed. In contrast, insulin induces a robust increase in PKB activity and represses FOXO transcriptional activity (Kops et al, 1999 ; data not shown), despite the induction of JNK activity comparable to TNFa and H 2 O 2 . This comparison therefore indicates that PKB activation can act dominantly over JNK activation and explains how TNFa and H 2 O 2 result in FOXO activity.
A possible mechanism whereby the opposing effects of JNK-and PKB-mediated phosphorylation of FOXO4 can be integrated is through the regulation of binding of cofactors such as 14-3-3. Binding of 14-3-3 is suggested to function as cytoplasmic anchor for FOXO and thereby to inhibit FOXO transcriptional activity. Therefore, we tested whether phosphorylation of T447/451 would affect the ability of PKBmediated 14-3-3 binding to FOXO4 ( Figure 6A ). We could not observe reproducible changes in insulin-induced 14-3-3 binding to FOXO4 and the FOXO4 mutants T447/451A and T447/451D. Also insulin-induced PKB-mediated phosphorylation of T28 and S193 did not appear significantly changed ( Figure 6B ). Thus, JNK-mediated phosphorylation of T447/451 appears to increase transcriptional activity, rather than relieve the inhibition by PKB imposed via 14-3-3 binding.
Discussion
Activation of PI-3K/PKB signalling decreases FOXO activity and thus the levels of FOXO target genes like MnSOD and catalase (Kops et al, 2002) . MnSOD and catalase belong to a large and diverse family of antioxidant enzymes. Their regulation via PI-3K/PKB/FOXO signalling therefore implies that insulin, through this signalling cascade, may modulate the cellular ROS level. Consistent with this hypothesis, we have previously shown that FOXO-mediated upregulation of MnSOD expression results in considerable lowering of cellular ROS (Kops et al, 2002) . Here, we demonstrate that an increase in ROS will enhance FOXO transcriptional activity, and thus functions as a feedback mechanism. An increase in ROS levels induces activation of the small GTPase Ral, which will in turn lead to the phosphorylation and activation of the stress kinase JNK. Active JNK induces the phosphorylation of T447 and T451 on FOXO4. Phosphorylation of these residues is essential for FOXO4 transcriptional activity as shown by mutational analysis. Consistent with this, H 2 O 2 treatment increases FOXO transcriptional activity and translocation of FOXO4 from the cytoplasm to the nucleus and activation of the transcription factor. Activation of FOXO4 through T447/ 451 phosphorylation can now induce transcription of MnSOD and catalase, leading to a decrease in ROS levels. Thus, activation of FOXO4 by oxidative stress is part of a negative feedback loop to reduce the levels of oxidative stress in a cell, preventing damage to DNA, lipids and proteins (Figure 7) .
The homeostasis mechanism for controlling ROS levels presented here is controlled by signalling pathways that can provide both negative (PI-3K/PKB) and positive (Ras/Ral/ JNK) inputs on FOXO. Growth factors, including insulin, have the ability to regulate both pathways simultaneously. The question remains as to what would then determine the effective outcome of growth factor signalling of cells. H 2 O 2 induces nuclear translocation in the presence of serum growth factors ( Figure 4A) , and we performed our Binding of endogenous 14-3-3 to HA-FOXO4 and HA-FOXO4 mutants was assayed by immunoprecipitation of HA-FOXO4 followed by Western blotting using an antibody directed against 14-3-3b. (B) A14 cells were transfected with the indicated constructs and treated with insulin (1 mg/ml) for 30 min. Phosphorylation of T28 and S193 was assayed using phosphospecific antibodies. The specificity of these antibodies was demonstrated by including the FOXO4-Thr28A and FOXO4-S193A mutants respectively.
transcriptional assays in the presence of serum growth factors. In the presence of serum, cells maintain a basal level of PKB activity and apparently H 2 O 2 treatment even at relatively low concentrations can sufficiently activate Ral/JNK signalling in order to activate FOXO. Thus, when PKB activity is relatively low, for example as compared to insulin-induced PKB activity, the Ral/JNK signalling pathway acts opposite and dominant over PKB. At higher concentrations of H 2 O 2 , or for example following treatment of cells with insulin, PKB activity increases to a level at which it can act dominant over JNK activity. The importance of this differential activation of intracellular signalling pathways is further illustrated by our finding that TNFa, unlike insulin, increases FOXO transcriptional activity in A14 cells and this occurs with a concomitant strong activation of JNK and weak activation of PKB. If PKB activity outweighs the JNK activity, this will result in relocalization of FOXO to the cytosol. In addition, it has been suggested that PKB-mediated phosphorylation of FOXO also results in ubiquitination and consequent degradation of the FOXO proteins (Matsuzaki et al, 2003) . This would be consistent with the reduced FOXO expression we frequently observe following long-term treatment with higher concentrations of H 2 O 2 . Recent studies have also revealed another mechanism by which the activity of FOXOs can be regulated. In response to H 2 O 2 treatment, FOXO3a and FOXO4 are substrates for acetylation by the acetylase transferases p300/CBP and subsequent deacetylation by SIRT1 and other deacetylases (Brunet et al, 2004; Motta et al, 2004; van der Horst et al, 2004) . The results on the effect of acetylation and deacetylation on FOXO transcriptional activity are contradictory. Both negative (Brunet et al, 2004 ; van der Horst et al, 2004) and positive (Motta et al, 2004 ) regulations of FOXO transcriptional activity by acetylation have been reported. Taken together and consistent with our own data on the role of acetylation in regulating FOXO4 (van der Horst et al, 2004) , the data presented here suggest that during periods of low oxidative stress, FOXOs are initially activated by JNK-mediated phosphorylation, but thereafter or at higher concentrations or longer periods of time inactivated by acetylation and/or ubiquitination. Deacetylation of FOXO by Sir2 can thus prolong the FOXO activity induced by H 2 O 2 treatment in order to ensure full activation of the antioxidant targets of FOXO. To test this hypothesis, we are currently investigating the kinetics of H 2 O 2 -induced phosphorylation and acetylation of FOXO and the effect on FOXO transcriptional activity.
The human FOXO family of transcription factors consists of three different isoforms. Here we show the regulation of FOXO4 via T447/451 phosphorylation. Clustal W alignment of FOXO4 with the other isoforms, FOXO1 and FOXO3a, did not reveal conserved T447/451 phosphorylation sites in the C-terminal parts of the protein. However, for example for FOXO3a, it has been shown that several sites within the Cterminal part of the protein can be phosphorylated upon H 2 O 2 treatment (Brunet et al, 2004) . These phosphorylation sites resemble potential JNK phosphorylation sites. We are currently investigating whether JNK can induce a phosphorylation-dependent activation of FOXO1 and FOXO3a upon treatment with H 2 O 2 , and which of the phosphorylation sites are involved, and thus are functionally equivalent to T447/451.
The model that derives from the data presented here bears striking similarities to the proposed role and regulation of DAF-16, the Caenorhabditis elegans homolog of mammalian FOXO. In C. elegans, a variety of stresses including oxidative stress have been shown to induce translocation of DAF-16/ GFP from the cytosol to the nucleus (Henderson and Johnson, 2001) . Oxidative stress strongly induces the expression of SOD-3, the C. elegans homologue of MnSOD, in a DAF-16-dependent manner (Honda and Honda, 1999) . Thus, both in C. elegans and mammalian cells, oxidative stress activates DAF-16/FOXO to act in a negative feedback control of ROS. In C. elegans, little is known as to what mediates stress-induced activation of DAF-16. Both Ral and JNK isoforms are present in C. elegans and it will be of interest to investigate whether these are involved in DAF-16 control by certain forms of oxidative stress. Interestingly, it has recently been demonstrated that in Drosophila, increased JNK signalling also increases oxidative stress resistance (Wang et al, 2003) . Similarly, dFOXO has also been shown to increase oxidative stress resistance in Drosophila (Junger et al, 2003) . In the regulation of cell shape in Drosophila, there is genetic evidence for a connection between dRal and dJNK (Sawamoto et al, 1999) . However, here dRal appears to regulate cell shape changes through inhibition of the JNK pathway, which is in contrast to what we observe here. The genetic interaction between FOXO, Ral and JNK in regulating oxidative stress resistance has not been examined in Drosophila yet. However, the JNK-mediated FOXO activation as described here may likely be a mechanism whereby increased oxidative stress resistance is also achieved in Drosophila.
Studies in both C. elegans and Drosophila support a link between stress resistance and prolonged longevity. For example, in both organisms, removing oxidants by During periods of increased oxidative stress, FOXO4 is activated by Ral-and JNK-mediated phosphorylation on T447 and T451. Increased activity of FOXO4 will lead to induction of transcription of the antioxidant enzymes MnSOD and catalase, leading to a decrease of ROS levels. Thus, activation of FOXO4 by oxidative stress is part of a negative feedback loop to reduce the levels of ROS in a cell. Growth factors can balance cellular ROS through the activation of PKB or JNK, depending on the magnitude and kinetics of PKB and JNK activation. Cellular ROS can be increased through a variety of events including cellular metabolism and various forms of damage (DNA, protein).
overexpressing superoxide dismutase and catalase resulted in animals with a prolonged lifespan (Honda and Honda, 1999; Taub et al, 1999) . In C. elegans, prolonged lifespan, protection against oxidative stress and regulation of superoxide dismutase and catalase are all dependent on the status of DAF-16 (Murphy et al, 2003) . In mammals, the pathways involved in the basic controls for aging will likely be more complex. Recently, FOXO3a has been linked to the important mammalian gerontogene p66shc. In cells lacking p66shc, the activity of FOXO3a is increased. H 2 O 2 treatment of these p66shcÀ/À cells reduced the activation of PKB and consequent PKBmediated FOXO3a inactivation, indicating that the redoxdependent FOXO inactivation is reduced (Nemoto and Finkel, 2002 ). Yet, a mechanism as to how p66Shc ablation could result in FOXO activation, rather than solely preventing its inhibition in an indirect manner, remains to be determined. Our results may provide such a possible mechanism. It has been shown that p66Shc inhibits the p46/p52Shc isoforms. The latter isoforms are involved in growth factorinduced Ras and MAPK activation. We have shown that insulin-induced Ras activation is mediated almost exclusively by p46/p52 Shc (Pronk et al, 1994) and insulin-induced Ral activation is mediated by Ras (Wolthuis et al, 1998) . Thus, loss of p66Shc would be expected to specifically enhance the Ras/Ral signalling branch following insulin stimulation. A major consequence would be enhanced FOXO activity due to a shift from negative regulatory signalling (PI-3K/PKB) to positive regulatory signalling (Ras/Ral). This possibility is currently under investigation.
In summary, our data describe a mechanism by which FOXO activity is regulated by oxidative stress, resulting in prevention of cellular damage. They bring us one step closer to unravelling the mechanisms that control aging in mammalian cells.
Materials and methods
Cell culture, transfection and treatment A14 cells (mouse NIH3T3 cells overexpressing the human insulin receptor) (Burgering and Coffer, 1995) , wt MEFs, JNK9 MEFs (JNK1À/À, JNK2À/À MEFs) (Sabapathy et al, 1999) , HEK293T cells and mouse C2C12 myoblast cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with L-glutamine, penicillin/streptomycin and 10% FCS. DLD1 human colon carcinoma cells were maintained in RPMI 1640 medium supplemented with L-glutamine, penicillin/streptomycin and 10% FCS. For luciferase assays, cells were cultured in six-well plates. For the GST-RalBD pull-down assay, cells were cultured in 90 mm dishes. For all other experiments, cells were cultured in 60 mm dishes. HEK293T cells, wt MEFs, JNK9 MEFs and DLD1 cells were transiently transfected using FuGENE6 reagent according to the manufacturer (Roche). A14 cells were transfected using the calcium phosphate method. Total amounts of transfected DNA were equalized using pBluescript KSII þ . Anisomycin, EGF, insulin, TNFa and H 2 O 2 were added at 10 mg/ml, 20 ng/ml, 1 mg/ml, 20 ng/ml and 20-500 mM, respectively, as indicated. For luciferase assays, H 2 O 2 was added at 5-20 mM overnight.
Plasmids and recombinant proteins
The following plasmids have been described before: pMT2-HA-FOXO4 (Kops et al, 1999) , pMT2-HA-FOXO4-T447A, pMT2-HA-FOXO4-T451A, pMT2-HA-FOXO4-T447/451/454A, pMT2-HA-FOXO4-T447D, pMT2-HA-FOXO4-T451D (De Ruiter et al, 2001 ), pMT2-HA-RalN28, pMT2-HA-Rlf-CAAX, pMT2-HA-Rlf-CAAXDGEF, pSVE-RASV12 (Wolthuis et al, 1997) , pMT2-HA-RalGEF2 (de Bruyn  et al, 2000) , pMT2-HA-JNK1, pMT2-HA-JNK3 (de Groot et al, 1997), 6xDBE-luciferase (Furuyama et al, 2000) and pSODLUC-3340 (Kim et al, 1999) . pRL-Tk (Tk Renilla luciferase) was purchased from Promega.
pMT2-HA-FOXO4-T451E and pMT2-HA-FOXO4-T447E were generated using mutagenesis PCR. pcDNA3.1-myc-FOXO4 was created by ligating a Klenow blunted SalI/NotI fragment from pMT2-HA-FOXO4 into Klenow blunted BamHI/NotI-digested pcDNA3.1-myc.
GST-FOXO4(C) and GST-FOXO4-T447A/T451A(C) (Kops et al, 1999) , GST-Jun (de Ruiter et al, 2000) and GST-RalBD (Wolthuis et al, 1998) have been described before.
Antibodies
Monoclonal 12CA5 and 9E10 antibodies were produced using hybridoma cell lines. Monoclonal antibody against Ral was obtained from Transduction Laboratories. Phosphospecific polyclonal antibodies recognizing PKB-S473, FOXO4-S193 and Jun-S73 were obtained from Cell Signaling. Phosphospecific polyclonal antibody against FOXO3a-T32 was obtained from Upstate Technology. Polyclonal HA antibody and polyclonal 14-3-3b (K19) antibody were obtained from Santa Cruz.
The phosphospecific antibody against the phosphorylated T447 was made by using the peptide KALGTpPVLTPPTEAC to immunize rabbits (Sigma). The phosphospecific antibody against the phosphorylated T451 was generously provided by Cell Signaling.
Immunoprecipitations and Western blots
Cells were lysed in RIPA buffer (50 mM Tris-HCl (pH 7.5), 0.1% NP-40, 0.5% deoxycholate, 10 mM EDTA, 150 mM NaCl, 50 mM NaF, 1 mM leupeptin and 0.1 mM aprotinin). Lysates were cleared for 10 min at 14 000 r.p.m. at 41C, and incubated for 2 h at 41C with either 1 ml 12CA5 (HA) or 1 ml 9E10 (myc) and 50 ml of prewashed protein A beads. Immunoprecipitations were washed four times in lysis buffer, cleared of all supernatant and 25 ml of 1 Â Laemmli sample buffer was added. Samples were subjected to SDS-PAGE and transferred to PVDF (Perkin Elmer). Western blot analysis was performed under standard conditions, using indicated antibodies. For phosphospecific antibodies, membranes were blocked in 1% BSA and washed in TBS-Tween.
In vitro kinase assay GST-FOXO4 and GST-FOXO4-T447/451A were precoupled to glutathione beads and washed twice with reaction buffer (50 mM HEPES pH 7.4, 15 mM MgCl 2 and 200 mM sodium vanadate). For kinase reactions, the beads were incubated in kinase buffer (containing 100 mM ATP or 5 mM ATP and 10 mCi [g-32 P]ATP per reaction) at 301C for 30 min, resuspended in sample buffer and analyzed by SDS-PAGE followed by autoradiography.
[ 32 P]orthophosphate labelling
In vivo labelling of A14 cells transfected with HA-FOXO4 was performed as described previously (Burgering and Coffer, 1995) .
Determination of Ral-GTP
Ral-GTP levels were determined using a Gst-RalBD pull-down assay as described previously (Wolthuis et al, 1998) .
Immunofluorescence DLD1 cells were cultured on coverslips, transfected with 1 mg of pMT2-HA-FOXO4 and fixed in 4% paraformaldehyde. Cells were permeabilized with 0.1% Triton X-100 in PBS, and nonspecific binding was blocked with 0.5% BSA in PBS for 45 min. Incubation with the HA polyclonal antibody for a period of 1 h was followed by 1 h incubation with anti-rabbit-CY3 secondary antibody. Coverslips were washed and mounted on glass slides using Immuno-Mount (Shandon, Pittsburgh, PA).
Luciferase assays
Cells were transfected with a reporter construct bearing six canonical FOXO binding sites (6xDBE-luciferase) or bearing a À3340 bp promoter fragment of the human SOD2 gene for MnSOD . Cells were cotransfected with indicated constructs. Transfections were performed in triplicate. Luciferase counts were normalized using Tk Renilla luciferase. After overnight treatment with H 2 O 2 or TNFa, or 48 h post-transfection, cells were lysed in passive lysis buffer (PLB) and luciferase activity was analyzed using a luminometer and dual-luciferase assay kit according to the manufacturer (Promega).
Measurement of mitochondrial membrane integrity
Cells were glucose deprived for 48 h by adding DMEM medium lacking glucose and pyruvate, but supplemented with 8% FCS. Note that owing to the small amount of glucose in FCS, glucose amounts are estimated to be about 10-to 20-fold less in this medium than under normal culture conditions. Cells were digested with trypsin and incubated with 10 mg/ml rhodamine-1,2,3 (Scaduto and Grotyohann, 1999) at 371C for 30 min. After two washes with PBS, mitochondrial membrane staining was measured by standard flow cytometry.
